We tested for reductions in water transport with increasing tree size, a key component in determining whether gas exchange and growth are hydraulically limited in tall trees. During the summers of 1998 and 1999, we measured water transport with Granier-type, constant-heat sap flow probes, vapor pressure deficit, and leaf and soil water potentials in overstory Pseudotsuga menziesii (Mirb.) Franco trees in three stands differing in size and age (15, 32 and 60 m in height and about 20, 40 and 450 years in age, respectively) in a P. menziesii-dominated forest in the Pacific Northwest, USA. A total of 24 trees were equipped with sap flow sensors-six 60-m trees, nine 32-m trees and nine 15-m trees. Based on the sap flow measurements and leaf area information estimated from leaf area-sapwood area relationships, we estimated crown-averaged stomatal conductance (G S ) and leaf-specific hydraulic conductance (K L ). We tested the hypothesis that G S and K L vary inversely with tree height (15 > 32 > 60 m). Analysis of variance of G S ranked as 15 = 60 > 32 m during the early summer and 15 > 60 > 32 m during late season drought. Over the growing season, mean daily G S (± SE) was 29.2 ± 4.4, 24.0 ± 6.8 and 17.7 ± 7.2 mmol m -2 s -1 for the 15-, 60-and 32-m trees, respectively. The value of K L differed among tree heights only during late season drought and ranked 15 > 32 = 60 m. A hydraulic mass balance suggests that greater sapwood conductivity in 60-m trees compared with 32-and 15-m trees is a likely cause for the departure of the above rankings from those predicted by height and leaf-to-sapwood area ratio. 
Introduction
Several studies have found substantial reductions in stomatal or crown conductance to gas exchange with increasing tree size and age (Yoder et al. 1994 , Hubbard et al. 1999 , Ryan et al. 2000 , Shäfer et al. 2000 . Reductions in stomatal or crown conductance were shown to be associated with increased hydraulic resistance (Yoder et al. 1994 , Hubbard et al. 1999 . Whole-tree estimates of leaf-specific hydraulic conductance were also lower in larger, older trees than in smaller, younger trees in several species (Mencuccini and Grace 1996, Ryan et al. 2000) . These studies support the hydraulic limitation hypothesis, which states that tree height growth and productivity decline because of stomatal limitation induced by increased hydraulic path-length resistance and gravity (Ryan and Yoder 1997) . For such hydraulic limitation to occur, taller trees must show both (1) reduced leaf-specific hydraulic conductance and (2) reduced crown stomatal conductance compared with smaller trees of the same species growing in similar site conditions. In this study, we tested for reduced leaf-specific hydraulic conductance and crown-averaged stomatal conductance with increasing tree height in Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir).
In 1998, we installed instruments for estimating crown gasphase conductance in an old Douglas-fir-western hemlock (Tsuga heterophylla (Raf.) Sarg.) forest (60 m tall, 450 years old) and two nearby younger sites: a 32-m stand established in 1958 and a 15-m stand established in 1977. Mean annual height growth of trees in these stands was 6, 93 and 96 cm, respectively. Stemwood growth efficiency averaged 27.9, 34.7 and 59.8 g C m -2 leaf area year -1 for the 60-, 32-and 15-m trees, respectively (N.G. McDowell, unpublished data). Here we report results comparing crown-averaged stomatal conductance (G S ) and whole-tree leaf-specific hydraulic conductance (K L ) in dominant Douglas-fir individuals at the three sites. We tested the hypothesis that G S and K L decrease with increasing tree height.
in the Wind River Basin in southern Washington, USA. Details of the sites are provided in Table 1 . The site with the 60-m high trees (hereafter 60-m site) was located at the Wind River Canopy Crane Research Facility (45°49′13.76″ N, 121°57′ 06.88″ W) at an elevation of 368 m. The sites with the 15-and 32-m high trees (hereafter 15-and 30-m sites) were located at 45°49′07.89″ N, 121°59′38.95″ W, elevation of 558 m and 45°49′16.21″ N, 122°1′50.55″ W, elevation of 582 m, respectively. Mean annual precipitation in this region is 2.5 m, over 70% of which falls as snow, with a dry season from June through September. Mean annual temperature is 8.7°C. Soils in the region are well drained and of volcanic origin.
Instrumentation and sampling
Constant-heat sap flow sensors (Granier 1985 (Granier , 1987 were installed in six dominant trees at the 60-m site and nine dominant trees at each of the 32-and 15-m sites. Sap flow data from these sensors were collected during June-September 1998 and 1999 at the 60-and 15-m sites, and during JuneSeptember 1999 at the 32-m site. Table 1 contains information about the trees used for sap flow measurements. All six trees at the 60-m site were equipped with three 20-mm-long sensors inserted 0-20 mm inside the cambium and spaced evenly around the circumference of each tree at 3-4 m above ground. All nine trees at each of the 32-and 15-m sites were equipped with two 20-mm-long sensors on opposite sides of the tree approximately 3 and 2 m above ground, respectively. In 1998, three of the six trees at the 60-m site and five of the nine trees at the 15-m site were equipped with 30-mm-long sensors. Sapwood depth measurements, visually inspected from increment cores, indicated that none of the sensors crossed the heartwood boundary.
In 1999, representative trees (two trees in the 60-m stand and three trees each in the 32-and 15-m stands) were used to account for radial profiles in sap flux density (Phillips et al. 1996) . In the 60-m trees, two 20-mm sensors were inserted 15-35 mm inside the cambium. In the 32-and 15-m trees, a 20-mm sensor was inserted 15-35 mm inside the cambium. Radial profiles from 1999 were used in the scaling of wholetree fluxes for both 1998 and 1999.
Temperature differences from all pairs of probes were converted to sap flux density (J S , g H 2 O m -2 sapwood s -1 ) based on an empirical equation developed by Granier (1987) that included Douglas-fir in the data set. Sap flux in the inner 15-35 mm of trees (J S,in ) that were not equipped with inner sap flow probes was estimated from a relationship between J S,in /J S,out and diameter at 1.3 m height (diameter at breast height; DBH), where J S,out is sap flux density in the outer 0-20 mm zone. Very little sapwood extended to a depth beyond 35 mm (Table 1) , but any such sapwood was assumed to have the same flux rate as J S,in . Sap flow rates on a whole-tree basis (J) were computed as the weighted average of sap flow in inner and outer zones. Predawn soil water potential (Ψ S ) was measured periodically throughout the summers of 1998 and 1999 by treating western hemlocks at each site as soil tensiometers during predawn conditions and sampling leaf water potential (Ψ l ) from their crowns, under the assumption that Ψ l of the western hemlocks (~5 m in height) had equilibrated with bulk Ψ S by predawn. The validity of this approach is supported by findings that predawn water potential gradients in large Douglas-fir trees at Wind River approached the theoretical hydrostatic gradient (Bauerle et al. 1999) . Also, we noted that dew point was observed throughout the season during sampling periods, and thus the likelihood of nighttime water loss by western hemlock needles was minimal. Volumetric soil water content (θ; m 3 m -3 ) was estimated on a semi-weekly basis by time-domain reflectometry (Nikodem 1966, Topp and Davis 1985) , with pairs of stainless steel rods 1 m in length installed vertically in five locations in each of the sites. To estimate θ, we used regressions developed at each site relating θ to the time interval between the reflection of an electromagnetic pulse from the soil surface to the rod ends.
Air temperature and relative humidity were measured in the upper third of the canopy of trees at the 60-m site with a Vaisala HMP35C Temperature/Humidity Probe (Campbell Scientific, Logan, UT). These data were obtained from the meteorological database of the Wind River Canopy Crane Research Facility. At the 32-and 15-m sites, air temperature and relative humidity were measured in the upper third of the canopy of the trees with CS500 temperature and relative humidity probes (Campbell Scientific). Photosynthetically active radiation (Q o ) was measured with a Li-Cor 190SA quantum sensor (Li-Cor, Lincoln, NE) above the canopy at the 60-m site. All sap flow and meteorological data were sampled at 10-s intervals, and averaged and recorded at 30-min intervals.
Scaling
Sap flux per unit sapwood area was scaled to a unit leaf area basis (E ) in each plot as:
where A L :A S is the leaf-to-sapwood area ratio, obtained for each tree age/size class in a separate study (N.G. McDowell, unpublished data). Crown-averaged stomatal conductance (G S ) was estimated every half hour as:
where P is atmospheric pressure and D is vapor pressure deficit, assumed to be close to the foliage-to-air vapor pressure difference. This assumption is generally valid in conifer forests (Jarvis and McNaughton 1986 ) unless wind speeds are very low (Martin et al. 1999) . No lag between instantaneous E and D was applied because the correlation was maximum at zero lag at all three sites (r 2 = 0.85, 0.79 and 0.78 for the mean values for 15-, 32-and 60-m trees, respectively). A simple lag generally cannot fully account for the use of stored water in trees caused by the interaction of hydraulic resistance and capacitance . Therefore, we also computed a daily averaged canopy conductance (hereafter referred to as daily G S ) that averages D and E on a daily time step, and then used these daily variables to compute conductance (Phillips and Oren 1998).
Whole-tree leaf-specific hydraulic conductance was computed as:
where ρ is the density of liquid water, g is the acceleration due to gravity and h is canopy height (assumed to be 15, 32 and 60 m at the appropriate sites). In Equation 3, we used mean values of E and Ψ l calculated for the period 1000-1500 h. Thus, K L is a relatively coarse-scale daily estimate, but is less subject to errors introduced by temporal decoupling between sap flow derived E and Ψ l . Error estimates and error propagation for the above estimates are discussed in the Appendix.
Results

Diurnal transpiration and canopy conductance
Overall differences in half-hourly G S and E among the three size classes were highly significant (ANOVA, P < 0.0001 for daylight hours, defined as between 1000 and 2000 h). However, the ranking of sites was not in the order hypothesized, and the rankings showed a dependency on the period in the growing season. The most striking result was that, among size classes, half-hourly G S and E in the 32-m trees were consistently the lowest, as shown in monthly means of diurnal time series (Figure 1) . Half-hourly G S and E declined in the 60-m trees compared with the 15-m trees in the late summer of both 1998 and 1999 (Figures 1 and 2) . When data were averaged over the entire collection period for conditions of ample light (Q o > 700 µmol m -2 s -1 ) and moderate D (0.75 kPa < D < 1.25 kPa), half-hourly G S ranked as 15 = 60 > 32 m (least significant difference (LSD), P < 0.0001).
Daily canopy conductance
Daily G S ranked as 15 = 60 > 32 m (LSD P = 0.04) during the months of June, July and August, but it ranked as 15 > 60 > 32 m (LSD P < 0.05 for all contrasts) in September. Mean daily G S (± SE) was 29.2 ± 4.4, 17.7 ± 7.2 and 24.0 ± 6.8 mmol m -2 s -1 for the 15-, 32-and 60-m trees, respectively. These values are lower than the mean values of leaf-level stomatal conductance (60 mmol m -2 s -1 ) found by Tan and Black (1976) in a 10-m tall Douglas-fir plantation.
Leaf-specific hydraulic conductance
Although K L did not differ among sites in the early growing season (P > 0.1), in the late season it ranked 15 > 60 = 32 m (LSD P < 0.0001; September 1999; Figure 4 ). The limited data for K L in 1998 were consistent with K L values for comparable periods in 1999 (cf. Figures 3a and 3b) . MPa -1 reported by Whitehead and Jarvis (1981) (from data in Nnyamah et al. (1978) ) for a 7-10-m tall Douglas-fir forest, and less than the value of 1.1 mmol m -2 s -1 MPa -1 reported for 22-27-year-old Douglas-fir trees by Bond and Kavanagh (1999) , which was based on transpiration of 1-year-old foliage in the upper crowns. We note that K L is a measure of conductance within plants and does not incorporate the effect of gravity, which varies considerably among these size classes. To better compare the combined effects of plant and gravitational resistance, we also computed an adjusted K L that accounts for gravitational differences (i.e., we eliminated the -ρgh term in the denominator of Equation 3). Gravitational differences did not alter the statistical rankings for the adjusted K L from the K L presented above.
Size-related differences in radial patterns of sap flow
We found size-dependent variation in the radial pattern of flux. Averaged over the summer months of 1999, the ratio of J S in the 15-35 mm sapwood band inside the cambium to that in the 0-20 mm sapwood band in relation to DBH showed an exponential saturation of the form: J S,in /J S,out = 1.27(1 -e -2.44DBH(m) ) (r 2 = 0.73; P = 0.0066, n = 8 trees; Figure 4 ). Over the June-September 1999 period, sap flow in the inner part of the sapwood decreased substantially relative to outer sap flow in the smaller trees, but less so in the large trees ( Figure 5 ).
Within diurnal periods, the relationship between inner and outer sap flux appeared to be linear in all trees. Averaging within size classes, and splitting the total data set into early and late season halves, the slope of the linear relationship between inner and outer sap flow decreased from 0. 
Soil and leaf water status
Soil water content was lowest during the late summer of 1998 at the same time that vapor pressure deficit was high (Figure 1a) . 
Discussion
The hypothesis that canopy conductance and leaf-specific hydraulic conductance vary simply as the inverse of tree height was not supported by our results. Among the trees studied, the 32-m trees consistently showed the lowest G S , and K L of the 32-m trees was not significantly different from that of the 60-m trees. However, the effect of low soil water content on G S and K L was most pronounced for the 60-m trees, suggesting some differential influence of soil water limitation with tree height. Our study suggests that the structural change in the aboveground portions of the trees may moderate the influence 
where the numerical subscripts refer to trees of different heights, k s is specific conductivity of sapwood, h is mid-canopy height (m) and ∆Ψ S-L is the soil to leaf water potential difference. Based on the values of A L :A S , h and ∆Ψ S-L , and assuming that mean k s does not change with tree size, the G S ratio of 15-to 32-m trees is predicted to be 1.8, which is reasonably close to the mean ratio of 2.0 from the results of this study. However, the G S ratio of 15-to 60-m trees is predicted to be 1.9, whereas we found the mean ratio to be 1. gests that the assumption of uniform k s with tree size may be adequate when comparing 15-and 32-m trees but not when comparing 15-or 32-m trees with 60-m trees. More specifically, this model suggests that k s in 60-m trees is almost twice that in 15-m trees. Such a large change in k s seems unlikely and may indicate the limitations of this simple model, but nevertheless raises the question of whether increases in sapwood conductivity may compensate for increased path length resistance. There is previous evidence for increases in sapwood permeability with tree size (Pothier et al. 1989) .
In addition to possible alterations in structural or anatomical traits with tree size, we cannot ignore the possibility of inherent site differences that may have influenced our results. For example, the 32-m site has higher soil and leaf nitrogen than the 15-or 60-m sites (Klopatek 2002, N. G. McDowell, unpublished data) . Increased soil fertility may lead to a decrease in root allocation relative to foliage (Oren and Sheriff 1995) . It is possible that a lower root surface area could generate a high root resistance at the onset of transpiration, thus inducing the lower observed E and G S . Our measurements would not be able to account for such a site fertility effect.
To the extent that crown conductance controls carbon uptake and tree height growth, the rankings of G S and K L found here do not appear to be consistent with the observed annual height growth of the trees (6, 93 and 96 cm, in the 60-, 32-and 15-m trees, respectively). Yet in terms of annual accumulation of aboveground biomass per unit leaf area (growth efficiency), the 32-m trees were more similar to the 60-m trees than to the 15-m trees (27.9, 34.7 and 59.8 g C m -2 leaf area year -1 for the 60-, 32-and 15-m trees, respectively). Clearly, different mechanisms control height versus biomass increment in a given year, and annual height growth is not necessarily the best correlate with leaf or crown gas exchange. In particular, our K L results, especially during the late season (Figure 3) , are more consistent with rankings of aboveground productivity, relative to leaf area, than they are with absolute tree height.
Similar to the approach taken by Oren et al. (1998) , variance estimates for E were computed according to Taylor (1982, p 177) and Clifford (1973, p 34) , to include the effects of error in both J and A L :A S and their possible mutual dependency as: Table 1 .
Similarly, variance estimates for half-hourly and daily G S were computed as:
formation from the CS500 and HMP35C specifications provided in the Instruction Manuals by Campbell Scientific and estimated that σ D = 0.0065T(°C) -0.00055RH(%) (r 2 = 0.96; P < 0.0001). For example, at T = 25°C and RH = 50%, D = 1.58 kPa and σ D = 0.14 kPa. Variance estimates for K L were also computed as above using σ E 2 from Equation 8 and mean variance of Ψ l over the period from 1000 to 1500 h.
Analysis of variance (ANOVA) was performed to test for between-site differences in half-hourly and daily G S and K L . We computed the ANOVA using means and variances given in Zar (1984, p 168) . This approach allowed us to include in the ANOVA full variance estimates for E, G S and K L as given in Equations A2 and A3, which cannot be obtained from individual estimates of E, G S and K L (because those quantities are functions of mean A L :A S , not individual A L :A S , and therefore are not sampled individually). If a posteriori results showed that any two sites were not different in G S or K L , contrasts of those sites against the third were employed using the least significant difference method (Sokal and Rohlf 1981, pp 242-244) .
To compute variance in estimates of half-hourly or daily E and G S , correlation coefficients between J and A L :A S were necessary. From subsets of trees sampled for both J and A L :A S , there were no relationships between J and A L :A S at the 15-m site (P = 0.6, n = 4), or at the 32-m site (P = 0.11, n = 6). The A L :A S ratio at the 60-m site was not sampled from the same individuals as was J (because of sampling restrictions at the Wind River Canopy Crane Research Facility), so it was not possible to check for a relationship between J and A L :A S in the 60-m trees. However, when mean J and mean A L :A S from the 60-m site were combined with individual J and A L :A S from both the 15-m site and the 32-m site, no relationship was found (P = 0.9, n = 11). Therefore, we used r (J, A L :A S ) = 0 in computing σ E 2 (Equation A2). To compute variance in estimates of half-hourly or daily G S in Equation A3, correlation coefficients between E and D at each site were necessary. The relationships between mean daily E and mean daily D were best described by exponential saturation curves rather than linear functions. While the correlation coefficient used in Equation A3 is for a linear relationship, we assumed that the correlation coefficients for the saturating exponential relationships could be used. These values were r = 0.70, 0.70 and 0.51 for the 15-, 32-and 60-m sites, respectively. All three of these relationships were highly significant (P < 0.0001).
